Autism Spectrum Disorder (ASD) has been associated with abnormal synaptic development causing a breakdown in functional connectivity. However, when measured at the macro scale using resting state fMRI, these alterations are subtle and often difficult to detect due to the large heterogeneity of the pathology. Recently, we outlined a novel approach for generating robust biomarkers of resting state functional magnetic resonance imaging (RS-fMRI) using connectivity based parcellation of gross morphological structures to improve singlesubject reproducibility and generate more robust connectivity fingerprints. Here we apply this novel approach to investigating the organization and connectivity strength of the cortico-striatal system in a large sample of ASD individuals and typically developed (TD) controls (N=130 per group). Our results showed differences in the parcellation of the striatum in ASD. Specifically, the putamen was found to be one single structure in ASD, whereas this was split into anterior and posterior segments in an age, IQ, and head movement matched TD group. An analysis of the connectivity fingerprints revealed that the group differences in clustering were driven by differential connectivity between striatum and the supplementary motor area, posterior cingulate cortex, and posterior insula. Our approach for analysing RS-fMRI in clinical populations has provided clear evidence that cortico-striatal circuits are organized differently in ASD. Based on previous task-based segmentations of the striatum, we believe that the anterior putamen cluster present in TD, but not in ASD, likely contributes to social and language processes.
Introduction
For over a century, neuroanatomists have parcellated the human brain based on its intrinsic properties such as cyto-and myeloarchitecture (Amunts and Zilles, 2015) . These parcellations are often based on a small number of postmortem brains (typically 1-10), and thus it is not clear to what extent they are representative of the general population. Small sample sizes mean that it is also impossible to say whether variations in the parcellation of individuals with psychiatric conditions reflects inter-individual variability or whether these differences are a feature of the pathology. Novel tools such as resting state (RS) fMRI are now increasingly employed to partition gross morphological regions into functional sub-units based on extrinsic connectivity patterns (a procedure often referred to as connectivity-based parcellation; Eickhoff et al., 2015; Gordon et al., 2014; Wig et al., 2014; Yeo et al., 2011) . Whilst brain parcellation using RS-fMRI is predominantly based on extrinsic connectivity patterns, other metrics are increasingly being explored such as Graph theory (Shen et al., 2010 (Shen et al., , 2013 , infinite Gaussian mixture models (Janssen et al., 2015) , and von Mises-Fisher distributions and Markov random fields (Ryali et al., 2013) . The growth of freely available RS-fMRI databases such as the Autism Brain Imaging Data Exchange (ABIDE: Di Martino et al., 2014b) , in combination with increasingly sophisticated signal processing methods, have allowed researchers to address previously unanswerable questions regarding the organisation and structure of brain circuits in psychiatric disorders. Here, we will employ recently published connectivity-based parcellation methods to investigate differences in the organisation of cortico-striatal circuitry in Autism Spectrum Disorder (ASD).
The seminal work of Alexander et al. (1986) first demonstrated that distinct regions of the frontal lobe project to distinct regions of the striatum. The dominant projections to the caudate nucleus originate in regions of the prefrontal cortex concerned with cognitive control such as the dorsolateral prefrontal cortex, lateral portions of the orbito-frontal cortex, and oculomotor regions. The nucleus accumbens (NAcc) receives projections from limbic regions linked to reward processing and value-based decision making such as the anterior cingulate cortex, orbitofrontal and ventromedial prefrontal cortex. Finally, the putamen receives projections from regions concerned with action planning and motor control such as the premotor and primary motor cortex, as well as somatosensory regions. This fundamental cortico-striatal organisation has not only been demonstrated in nonhuman primates (Middleton and Strick, 2000; Selemon and Goldman Rakic, 1985; Yeterian and Pandya, 1991) , but also through non-invasive methods in humans such as diffusion imaging (Draganski et al., 2008; Tziortzi et al., 2014; Verstynen et al., 2012) and RS-fMRI (Choi et al., 2012; Janssen et al., 2015; Jaspers et al., 2016; Jung et al., 2014) . Although most studies agree that the cortico-striatal system mirrors the rostralcaudal organisation of the frontal lobe, the optimal parcellation of the striatum is still a debated issue. Previous RS-fMRI studies parcellating the human striatum have suggested that the caudate nucleus can be segmented into 1-9 functionally unique sub-units, whilst the putamen can be segmented into 1-6 clusters (Choi et al., 2012; Janssen et al., 2015; Jaspers et al., 2016; Jung et al., 2014) . While most previous striatal parcellations have been based on task-independent data, a recent study by Pauli et al. (2016) used task-dependent meta-analytic data to segment the striatum into five regions. These five segments of the striatum were associated with unique behaviours, specifically: incentive behaviour (anterior caudate), executive functions (posterior caudate), social and language processes (anterior putamen), sensorimotor processes (posterior putamen), and stimulus value (ventral striatum/NAcc). Although there is still some debate surrounding the correct number of distinct cortico-striatal circuits, it is certainly clear that the human striatum contributes to a combination of cognitive, social, motor, and motivational processes (see meta-analyses: Pauli et al., 2016; Robinson et al., 2012) , all of which are known to be affected in ASD (Chevallier et al., 2012; Dichter and Adolphs, 2012; Fuccillo, 2016; Kohls et al., 2014b) .
Several studies have proposed that abnormalities in cortico-striatal circuitry could underlie the two core deficits in ASD: 1) social interaction and communication difficulties and 2) restricted interests and repetitive behaviours. A large number of studies have shown increased striatal volume in individuals with ASD (Haznedar et al., 2006; Hollander et al., 2005; Langen et al., 2009 ) and differences in striatal shape (Schuetze et al., 2016) . Langen et al. (2009 Langen et al. ( , 2013 showed that striatal volume increased with age in individuals with ASD, whilst it appeared to decrease with age in typically developing (TD) individuals, and the rate of striatal growth in ASD correlated with the severity of restrictive and repetitive behaviours. Hollander et al. (2005) similarly showed that increased striatal volume was correlated with increased restricted and repetitive behaviour in ASD. RS-fMRI studies have also consistently demonstrated greater cortico-striatal functional connectivity in ASD compared to TD (Cerliani et al., 2015; Delmonte et al., 2013; Di Martino et al., 2011; Padmanabhan et al., 2013) . In addition, both Padmanabhan et al. (2013) and Cerliani et al. (2015) showed distinct cortico-striatal developmental trajectories in ASD compared to TD individuals. However, Padmanabhan et al. (2013) showed cortico-striatal connectivity decreasing with age in ASD, whilst Cerliani et al. (2015) found cortico-striatal connectivity decreased with age in TD and did not change with age in ASD. Both Delmonte et al. (2013) and Cerliani et al. (2015) also showed that the extent to which cortico-striatal circuits were hypoactive correlated with both social and communication deficits as well as restricted and repetitive behaviours. Lastly, a number of studies using cognitive and sensorimotor paradigms have shown aberrant striatal activity in ASD (Schmitz et al., 2006; Scott-Van Zeeland et al., 2010b; Takarae et al., 2007) . In addition to cognitive and motor paradigms, the social incentive delay task (Rademacher et al., 2010) has also been used extensively to highlight aberrant striatal BOLD responses in ASD during the anticipation and receipt of social rewards (Delmonte et al., 2012; Kohls et al., 2014a; Scott-Van Zeeland et al., 2010a) . Delmonte et al. (2013) used RS-fMRI collected from the same ASD individuals that previously performed a social incentive delay task (Delmonte et al., 2012) to show that cortico-striatal resting connectivity strength was correlated with striatal BOLD responses to social rewards.
There is largely consistent evidence to suggest that aberrant corticostriatal connectivity may be a feature of ASD pathology, however, studies of inter-individual differences such as changes in RS-fMRI connectivity with age have provided inconsistent results. In addition, no study to date has investigated whether the organisation of corticostriatal circuits is more variable in ASD compared to TD (Hahamy et al., 2015) or whether cortico-striatal circuits are missing altogether in ASD. These questions can be addressed using the connectivity-based parcellation methods outlined in Balsters et al. (2016) . Balsters et al. (2016) demonstrated that seeds generated using connectivity-based parcellation significantly improved resting state network detection, and as such connectivity-based parcellation could reduce inconsistencies seen in previous ASD ageing studies. The cortico-striatal system is also an excellent model for connectivity-based parcellation given that so much is known about its organisation from animal tracer studies and human neuroimaging. This provides an excellent reference with which to compare cortico-striatal circuitry in ASD. Using methodologies described in Balsters et al. (2016) we will use a large RS-fMRI dataset (N=260, 50% ASD) to investigate whether the parcellation of the striatum, and cortico-striatal connectivity, is different in ASD compared to TD.
Methods

Participants
Data were extracted from the ABIDE database (Di Martino et al., 2014b) using the same exclusion criteria as Di Martino et al., (2014b) . Subjects were excluded if they were: female, > 40 yrs old, IQ < 80, or moved excessively (mean framewise displacement (FD) > 0.5 mm). It was important to remove these individuals as they were not well represented in the ABIDE database and their inclusion in the analyses would introduce additional variability or a potential bias. Given our interest in developmental trajectories we excluded a small number of older individuals ( > 40 yrs old) who all came from one centre and might artificially drive age effects or Group×age interactions. We additionally removed subjects with poor gray matter (GM) segmentation as this would impact on DARTEL template quality and subsequent normalisation. GM segmentation was assessed using the squared distance of each image to the sample mean (tool available in the VBM8 toolbox: http://dbm.neuro.uni-jena.de/vbm/download). If this distance was > 2 SD from the sample mean from the same scanning centre then the subject was removed. Datasets were also excluded if they did not have whole brain coverage (signal present at z=−55 (ventral bound of Crus II) or lower after normalisation). This lead to 11/28 centres (500 datasets) being excluded. A centre was also rejected if it had < 7 ASD or TD individuals that met our inclusion criteria. After rejection, nine centres contributed to this study with 131 ASD and 169 TD datasets. We subsequently matched the two groups for age, full scale IQ, and head movement. This left 130 ASD and TD individuals in each group. Group demographics are reported in Table 1 showing the matching between groups in age, IQ, and head movement (FD and the number of bad volumes removed during scrubbing).
Pre-Processing
Initial pre-processing was conducted in SPM12 (www.fil.ion.ucl.ac. uk/spm). Structural Images were first coregistered to the T1 template before the New Segmentation toolbox was used to segment the data into GM, white matter (WM), and cerebro spinal fluid (CSF) images ready for input to the DARTEL toolbox (Ashburner, 2007) . The DARTEL toolbox was used to create a study specific template given that the average age of participants was 14yrs ± 4yrs, and as such the MNI template (generated using 18-30 yrs old brains) would not be appropriate (Wilke et al., 2008) . Functional images were coregistered to the individual structural images, realigned, normalized to DARTEL template space (resliced to 3×3×3 mm), and smoothed with an 8mm kernel. All analyses were conducted in DARTEL template space and the final results were warped into MNI space for generating figures and anatomical localization guided by the Anatomy toolbox (Eickhoff et al., 2006 (Eickhoff et al., , 2007 (Eickhoff et al., , 2005 , the Harvard-Oxford cortical and subcortical atlases, and FSL connectivity atlases (Mars et al., 2011 (Mars et al., , 2012 Neubert et al., 2015 Neubert et al., , 2014 Sallet et al., 2013) .
Further data pre-processing was conducted using in-house scripts written using MATLAB (MathWorks, Natwick, MA). The first 4 volumes were discarded for steady state magnetization and stabilization of participant status. Data were 'scrubbed' to remove bad datapoints ( > 0.5 mm FD or > 0.5% differential spatial variance -DVARS; Power et al., 2012) , and filtered in the band 0.01-0.15 Hz. Typically, resting state studies ignore oscillations > 0.1 Hz, however, studies by Baria et al., (2011) , and Balsters et al. (2013) have demonstrated that signals between 0.1-0.2 Hz contain physiologically relevant information that can often be used to distinguish between clinical populations. Adequately correcting for head motion artifact has proven to be an essential step in RS-fMRI analyses, especially in investigations of ASD (Deen and Pelphrey, 2012; Tyszka et al., 2014) . Based on Yan et al., (2013) , and Satterthwaite et al., (2013) , we modeled head movement using the Friston 24-parameter approach (Friston et al., 1996) to remove potential residual head motion signal (6 original regressors generated during realignment, 6 time shifted regressors, and both of these squared) along with the first 5 principle component time series extracted from individual WM and CSF masks (Chai et al., 2012) . Pruim et al. (2015a) showed that spike-regression, scrubbing, and ICA-based methods were the best approaches for dealing with movement artefacts. However, spike-regression and scrubbing also significantly reduce the temporal degrees of freedom and can reduce the integrity of the temporal data. The number of bad volumes removed in ASD and TD were not significantly different from each other (see Table 1 ) indicating that there should not be any group differences in the temporal degrees of freedom, however, in the future we hope to implement automatic approaches such as ICA-AROMA (Pruim et al., 2015b) or wavelet despiking (Patel et al., 2014) that might help to improve the temporal integrity of RS-fMRI data.
Hierarchical clustering
In order to partition the striatum into subregions with unique connectivity fingerprints we began by creating a mask using the Harvard-Oxford subcortical atlas. Masks of the caudate nucleus, nucleus accumbens, and putamen were thresholded at > 25% and summed to create a mask of the striatum. This mask was separated into the left and right striatum and then warped into DARTEL space. To establish connectivity fingerprints for each subject we extracted the RSfMRI time-courses of the voxels belonging to the left or right striatum mask and those belonging to all left or right GM voxels in the brain (including the original striatum mask). All these analyses were restricted to either the left or right hemisphere given that corticostriatal loops are known to be hemisphere specific (Alexander et al., 1986) . We then calculated the correlation matrix between these two sets of time-courses, and transformed it to z-values using the Fisher rto-z transformation. Each column of this correlation matrix reflected the connectivity of a voxel within the striatum mask with all GM voxels within the same hemisphere. We then performed a fixed-effects analysis of the matrices separately for the ASD and TD groups. The resulting matrix was transformed back to correlation values using the inverse Fisher transformation and used as input to a hierarchical clustering algorithm (average linkage). The resulting dendrogram was cut to identify cluster solutions ranging from 2 to 20. In order to determine which clustering solution was most appropriate we used the silhouette measure (Rousseeuw, 1987) to quantify to what extent the results derived from the group corresponded to individual data. The silhouette value assesses cluster separation by measuring how similar a voxel is to other voxels in the same cluster compared to voxels in the nearest cluster, thus maximizing within cluster similarity and between cluster differences. A silhouette value was generated for each cluster solution and for each individual subject, and a paired t-test (10,000 permutations) was used to determine where clustering solutions showed a significant improvement from one clustering solution to the next (i.e. is the silhouette value for a two cluster solution significantly larger (and therefore more representative across individuals) compared to a three cluster solution?). This was repeated comparing the silhouette value for a three cluster solution to the silhouette value for a four cluster solution, a four cluster solution to a five cluster solution etc. The voxels belonging to a given cluster were mapped back in the brain space to generate seeds to be used in further analyses. Single-subject clustering solutions were generated by running the same hierarchical clustering procedure on individual correlation matrices and cutting the dendrogram at a position equaling the number of clusters provided by the previous group-level estimates. Finally, we used the Dice similarity measure (Dice, 1945) to compare the entire set of group-level clusters (i.e. 5 clusters) to the clusters derived for an individual (also 5 clusters) (see Balsters et al. (2016) and Mantini et al. (2013) for further details). The matrix of Dice similarity values (i.e. spatial overlap between every group-level cluster and every individual-level cluster) was input into a hierarchical clustering algorithm (average linkage). After the creation of the dendrogram, we selected the cutoff value for the graph that yielded the maximum number of two-element clusters (i.e. a match between one group-level and one individual cluster). Note that this method does not enforce a minimal overlap cutoff value between a group cluster and the individual cluster solution but rather provides an optimal match across all clusters.
Seed-to-Voxel analyses
Seeds generated through hierarchical clustering were used to establish seed-to-voxel connectivity fingerprints and subsequently group differences in connectivity. First, a timecourse was extracted for each seed region (averaged across voxels within the seed) and this timecourse was correlated with all left or right hemisphere GM voxels in the brain. As previously mentioned, analyses were restricted to NeuroImage 170 (2018) 412-423 either the left or right hemisphere given that cortico-striatal loops are known to be hemisphere specific (Alexander et al., 1986) . Individual correlation maps were Fisher r-to-z transformed and fed into a General Linear Model (GLM) with 10,000 permutations in Randomise (http:// fsl.fmrib.ox.ac.uk/fsl/fslwiki/; (Jenkinson et al., 2012; Winkler et al., 2014) ). The GLM included scanning centre, mean FD, Full scale IQ, Group, age (log transformed to account for skewed distribution), and Group×age interaction. To correct for multiple comparisons at the cluster-level, we employed Gaussian random field theory, voxel-level Z > 3.1, cluster-level p < 0.05 FWE, based on Woo et al. (2014) .
Multivariate comparisons of connectivity fingerprints
As well as using a traditional mass univariate approach to compare cortico-striatal connectivity in ASD and TD, we used the MR Comparative Analysis Toolbox (Mr Cat, www.neuroecologylab.org) to compare connectivity fingerprints as described in Mars et al. (2016) . We began by defining our connectivity fingerprints as regions (targets) showing significant connectivity with the anterior or posterior putamen cluster, i.e. peaks of the seed-to-voxel analysis that survived thresholding at p < 0.001 uncorrected. After establishing our targets we extracted the seed-to-target connectivity strength (average Z value) for all target regions using a 6mm radius sphere around the peak coordinate (co-ordinates provided in Supplemental Table 1 ). We then calculated the Manhattan distance between connectivity fingerprints to determine whether connectivity fingerprints were significantly different from one another. This was done within group to establish whether different striatal clusters produced unique connectivity fingerprints, and between groups to determine whether connectivity fingerprints were different in ASD and TD. Significance was established using permutation testing (10,000 permutations) to create a test distribution. If there was a significant difference between connectivity fingerprints, we used logistic regression to establish which target regions were driving the differences.
Results
Group differences in connectivity-based parcellation of the striatum
We began by enforcing connectivity-based parcellation solutions separately for the left and right striatum ranging from 2 to 20 clusters. As in previous studies Jaspers et al., 2016; Pauli et al., 2016) , we found that simpler solutions (i.e. fewer clusters) had the highest silhouette value in both hemispheres of ASD and TD individuals ( Fig. 1a and Supplemental Fig. 1 ). Significant improvements in the clustering of the left striatum in the TD group (i.e. significantly larger silhouette value) were found for 2, 3, 5-9, 15, and 17 clustering solutions (blue dots in Fig. 1a) , whilst the left striatum in ASD showed significant increase in silhouette value at 2-4, 6, 9-11, 14, 15, 17, and 18 cluster solutions (green dots in Fig. 1a) . When comparing solutions between groups it was clear that ASD and TD clustering solutions deviated at the five cluster solution of the left striatum ( Fig. 1a black asterisk) . Whilst the five cluster solution was another significant improvement in the clustering solution of the TD group, partitioning the left striatum into five clusters in ASD produced a poorer representation. To confirm that group differences in silhouette value could not be explained by covariates of no interest (i.e. differences in scanning centre, age, group×age, IQ, and FD), we performed a regression analysis on silhouette values using the same covariates of no interest used for the univariate and multivariate analyses. Even after accounting for these covariates of no interest, there was still a significant group difference in silhouette value for the five cluster solution (β=−0.0315, t(246)=−3.816, p=0.00017, pFDR=0.0033; all other silhouette solutions pFDR > 0.06).
We created probability maps by enforcing the five cluster solution on each individual subject, and used hierarchical clustering to match single-subject clustering solutions of the left striatum to the groupspecific template (see Section 2.3), thus establishing how often the group-specific clusters were identified in each individual subject. If a cluster at the individual level matched a cluster at the group level it was marked as 1, otherwise it was marked as 0. We then created probability maps for each cluster by summing binarised clusters from each individual subject. In order to remove overlapping voxels, probability maps were thresholded at > 25%, and a winner-take-all approach was used to assign overlapping voxels to the cluster with the greater probability. For example, if there was an overlapping voxel between the anterior and posterior putamen, and it had a 53% probability of being anterior and 47% probability of assigned to the posterior putamen, then the voxel was assigned to the anterior putamen cluster. Voxels with the exact same winning probability were not assigned to any cluster, however, this was not the case for many voxels. Details of the cluster peaks, size, average Dice similarity and number of matches are included in Supplemental Table 2 . Our winner-takes-all probability maps showed that the left striatum of the TD group separated into five clusters: Caudate tail (Fig. 1b: blue), Caudate Nucleus (Fig. 1b: cyan) , NAcc (Fig. 1b: green) , Anterior Putamen (Fig. 1b: yellow) , and Posterior Putamen (Fig. 1b: red) . When applying the same approach to the ASD individuals, we found that one of the five clusters did not replicate in ASD individuals. Therefore, even though we enforced a five cluster solution at the single subject level, it "disappeared" in the winner-takes-all approach indicating that the forced five clusters resulted in a connectivity-based parcellation that was highly variable across ASD individuals. ASD individuals showed similar representations of the Caudate Tail (Fig. 1c: blue), Caudate Nucleus (Fig. 1c: cyan), and NAcc (Fig. 1c: green) , however ASD individuals did not show a separation between anterior and posterior putamen, instead showing a single putamen cluster (Fig. 1c: red) . The lack of a consistent separation in the putamen of individuals with ASD is the most likely reason for the significant deviation in silhouette value between groups. There were no significant group differences in the parcellation of the right striatum (see Supplemental Fig. 1) .
After creating group-specific parcellations of the left striatum (Fig. 1b,c) , we used hierarchical clustering to match clusters in the ASD and TD left striatum solutions. As expected the anterior putamen TD cluster (Fig. 1b, yellow) did not match any cluster in the ASD template. However, all the other TD clusters had a corresponding match in the ASD template (Caudate tail Dice similarity 0.55 (Blue); Anterior caudate Dice similarity 0.77 (cyan); Nucleus Accumbens Dice similarity 0.8 (green); Posterior putamen Dice similarity 0.86 (red)). We then used a regression analysis to establish whether there were group differences in the Dice similarity values that could not be explained by other covariates of no interest (i.e. centre, age, group×age, IQ, head movement). Dice similarity values for the caudate tail and anterior caudate were significantly larger in TD compared to ASD whereas Dice similarity values in the putamen were significantly larger in ASD compared to TD (Tail: β=0.0298, t(157)=2.19, p=0.03, pFDR=0.04; Anterior Caudate: β=0.0361, t(194)=3.503, p=0.00057, pFDR=0.0011; NAcc: β=−0.0011, t(173)=−0.0871, p=0.9307, pFDR=0.93; Putamen: β=−0.0365, t(241)=−4.034, p=0.00007, pFDR=0.003). These results highlight greater heterogeneity in the caudate tail and anterior caudate in ASD compared to TD. Even though there was significantly less heterogeneity in the putamen in ASD compared to TD, this is likely due to the absence of the anterior putamen cluster in ASD. There were no significant Group×Age interactions in Dice similarity.
Seed-to-voxel analyses
Cortico-Striatal connectivity fingerprints Fig. 2 shows the average connectivity fingerprints for both groups for each of the striatal clusters and Supplemental Table 3 describes the peaks and anatomy of each connectivity fingerprint. The caudate tail only showed significant positive correlations with itself, and significant anticorrelations with precuneus. The anterior caudate cluster showed significant positive correlations with the inferior and middle frontal gyri as well as the anterior cingulate cortex (putatively Area 32d). The NAcc showed significant positive correlations with regions of the anterior cingulate cortex (putatively area 32pl), ventromedial prefrontal cortex, orbitofrontal cortex, and anterior insula. The anterior putamen cluster showed significant positive correlations with the inferior and middle frontal gyri, and the anterior cingulate cortex (putatively Area 32pl and the anterior rostral cingulate zone), however these connections do not overlap with the anterior caudate connectivity fingerprint. Additional unique connections were seen between the anterior putamen and the anterior insula, and inferior parietal lobule (putatively Area PF). The posterior putamen cluster showed strong connections with regions of the brain implicated in motor processing such as the precentral and postcentral gyri (areas 3, 4, and 6), the supplementary motor area (SMA), and the posterior insula (granular and dysgranular insula). The posterior putamen was also significantly anti-correlated with the cuneus and posterior cingulate cortex.
Group differences in cortico-striatal connectivity
There were no significant group differences in connectivity, however, there were some Group×Age interactions. Both the NAcc and the anterior putamen showed a Group×Age interaction with Frontal Pole (putatively FPl: Neubert et al., 2015 Neubert et al., , 2014 . Connectivity between the FPl and the two striatal clusters decreased with age in the TD group, however this connectivity was static around zero in the ASD individuals (Fig. 3a,b) . TD individuals also showed a significant increase in connectivity with age between the NAcc and the amygdala (Fig. 3c) . Whilst these group differences in developmental trajectories are interesting, they do not explain why the putamen is segmented into anterior and posterior portions in TD but not in ASD.
A multivariate investigation of connectivity fingerprints
Given that hierarchical clustering is a multivariate technique (i.e. all voxels are considered simultaneously), it is possible that the traditional mass univariate approach is not capable of explaining the group differences we observed in connectivity-based parcellation. Here, we took a well-established multivariate approach (Mars et al., 2016) to try and explain why connectivity based parcellation of the striatum differs in ASD and TD individuals. These analyses were focussed on the anterior and posterior putamen.
Within group differences between anterior and posterior putamen connectivity fingerprints
We began by defining connectivity fingerprints as the peaks in a seed-to-voxel analysis (see Supplemental Fig. 2 and Supplemental Table 1 ). This gave us fifteen targets; 8 targets from the anterior putamen fingerprint and 7 targets from the posterior putamen Fig. 1 . Connectivity-based parcellation of the left striatum. A) Silhouette values for 2-20 clustering solutions in the left striatum for ASD and TD individuals. Blue (TD) and green (ASD) dots indicate a significant improvement in the clustering solution (i.e. a significant increase in the silhouette value) compared to the previous solution (i.e. the 2 cluster solution compared to the 3 cluster solution, the 3 cluster solution compared to the 4 cluster solution etc.). The black asterisk indicates a significant group difference in silhouette value. Significant improvements and differences in silhouette value were established using permutation testing (10,000 permutations) and corrected for multiple comparisons (FWE p < 0.05). B) and C) show the five cluster solutions of the left striatum in TD and ASD respectively. Five cluster solution probability maps were calculated for each group separately, and then a winner-takesall approach was used to assign voxels to the cluster with the highest probability. It is important to highlight that C) only shows four clusters because one of the five clusters did not survive the winner-takes-all approach. Fig. 2 . Connectivity fingerprints of striatal clusters. Seed-to-voxel connectivity maps for each striatal cluster thresholded at p < 0.05 (cluster corrected, Z > 3.1, FWE p < 0.05). The colour code for boxes surrounding connectivity fingerprints corresponds to the colours for each striatal cluster.
fingerprint. In every subject, we extracted the z transformed correlation value for each of fifteen targets. Specifically, the connectivity strength between the anterior putamen and all fifteen targets, and connectivity strength between the posterior putamen and all fifteen targets. We then calculated the Manhattan distance between connectivity fingerprints in each group separately. Using permutation testing (10,000 permutations), we showed that in both ASD and TD groups there was a significant difference between the fingerprints for the anterior and posterior putamen (ASD: Distance=2.367, p < 0.001; TD: Distance=2.5121, p < 0.001; see Fig. 4a ).
Group differences in cortico-striatal connectivity fingerprints
Using the same multivariate approach, we calculated whether the anterior and posterior putamen connectivity fingerprints were different in ASD and TD individuals. There was a trend towards a group difference in the anterior putamen connectivity fingerprint (Distance=0.7942, p=0.09) and no group difference in the posterior putamen connectivity fingerprint (Distance=0.3472, p=0.7272). Lastly, we performed a Group×Seed interaction to see whether the difference between anterior and posterior putamen connectivity fingerprints was different between groups. This analysis revealed a significant group effect in the difference between anterior and posterior putamen connectivity fingerprints (Distance=0.8368, p=0.045; see Fig. 4b) , and it is possible that differential connectivity between one or more of these targets is driving the group differences in connectivity-based parcellation.
To establish which connections were driving this Group×Seed interaction we performed logistic regression (Fig. 4c) . The posterior cingulate cortex (PCC: β=0.2174, t(244)=2.1376, p=0.0326, pFDR=0.13), granular portion of the Insula (Insula IG1: β=0.1693, t(244)=2.4474, p=0.0144, pFDR= 0.0767), SMA (β=−0.168, t(244) =−2.503, p=0.0123, pFDR=0.0767), and precuneus (β=−0.359, t(244) =−3.3957, p=0.00068, pFDR=0.011) were all identified as significant group predictors. The difference between anterior and posterior putamen resting connectivity with the PCC, posterior insula, and precuneus was greater in TD compared to ASD, whereas the difference between anterior and posterior putamen resting connectivity with the SMA was greater in ASD compared to TD (see Supplemental Fig. 3) . Thus, the separation between anterior and posterior putamen in TD could be driven by these connectivity fingerprint differences.
Discussion
Cortico-striatal circuitry has been linked to cognitive, social, and motor functions, all of which are known to be effected in ASD. Although a number of studies have shown increased striatal volume in ASD, as well as increased cortico-striatal connectivity in ASD, this is the first study that has identified differences in the organisation of cortico-striatal circuitry in ASD. Using connectivity-based parcellation, we showed that the putamen separated into anterior and posterior segments in TD individuals, however, the putamen remained as one cluster in ASD. A traditional mass univariate analysis highlighted several developmental changes in cortico-striatal connectivity in TD, whereas individuals with ASD did not show any age-related changes in cortico-striatal connectivity. However, these results could not explain why the putamen was segmented in TD but not in ASD. Lastly, we used a multivariate approach to compare anterior and posterior putamen connectivity fingerprints in ASD and TD. These analyses suggest that the segregation of the anterior and posterior putamen in TD, but not in ASD, was driven by differential connectivity with the PCC, precuneus, posterior insula, and SMA. J.H. Balsters et al. NeuroImage 170 (2018) 412-423 Group differences in the architecture of the cortico-striatal system Although previous studies have highlighted differences in striatal volume and connectivity, this is the first study to suggest that the architecture of the cortico-striatal system is different in ASD compared to TD. Connectivity-based parcellation revealed that the putamen separated into anterior and posterior segments in TD, however, in ASD the putamen remained one single cluster. Previous connectivitybased parcellation studies have segmented the putamen in 1-6 regions using task-independent measures such as RS-fMRI and diffusion imaging (Choi et al., 2012; Janssen et al., 2015; Jaspers et al., 2016; Jung et al., 2014; Tziortzi et al., 2014) . In this study, similar to Jaspers et al. (2016), we found that the two or three cluster parcellation of the striatum (splitting the caudate nucleus, NAcc, and putamen) was the most representative solution in both groups and hemispheres. However, group differences in the parcellation of the left striatum were apparent for the five cluster solution (Fig. 1) . One caveat raised by Jaspers et al. (2016) , was that while simpler clustering solutions will have higher inter-subject replication, individual variability might only be seen when the parcellation scheme is more complex. Here, we show that the fundamental anatomical parcellation of the striatum (i.e. splitting the caudate, NAcc, and putamen) was the same for ASD and TD individuals, however, differences between groups became apparent at the five cluster solution. Interestingly, the only study to partition the striatum using task-based information also showed a five cluster segmentation of the striatum (Pauli et al., 2016) . Comparing our results to those of Pauli et al. (2016) shows that their five cluster parcellation of the striatum bares a remarkable resemblance to our five cluster parcellation in TD individuals, however, it was clear that in ASD the anterior putamen cluster was absent. Pauli et al. (2016) suggested that the anterior putamen cluster corresponded to social and language functions, specifically the anterior putamen was associated with psychological terms "read", "vocal", and "empathic". We therefore suggest that the absence of functional specialization in the left anterior putamen in ASD could contribute to language deficits seen in the disorder.
The Left Hemisphere Dysfunction (LHD) theory of Autism was previously proposed because individuals with ASD show deficits in tasks typically ascribed to the left hemisphere such as language, whilst performance on tasks typically ascribed to the right hemisphere such as visual-spatial abilities are relatively spared (McCann, 1981) . Whilst several studies have shown that a lack of functional lateralization in ASD corresponds to deficits in language (Floris et al., 2016b; Mellet et al., 2014) , several other studies have suggested that these lateralization effects go beyond the domain of language and additionally impact on other brain networks. For example, Cardinale et al. (2013) used RSfMRI to assess functional asymmetry and showed rightward bias in BOLD activity for a range of resting state networks including visual, motor, and executive (fronto-parietal) networks. Floris et al. (2016a) also highlighted asymmetries in resting connectivity, specifically a rightward bias in resting motor connectivity but not in visual brain regions or the default mode network (DMN). The degree of rightward Fig. 4 . Multivariate approach to matching connectivity fingerprints. A) Connectivity fingerprints showing the connectivity strength between seeds (anterior and posterior putamen) and targets (labels beginning with A are taken from the anterior putamen seed-to-voxel analysis whilst labels beginning with P were taken from the posterior putamen seed-to-voxel analysis). A measurement of distance (Manhattan) showed that in both TD and ASD individuals the anterior and posterior putamen have unique connectivity fingerprints. B) Connectivity fingerprint of the difference in connectivity between the anterior and posterior putamen in ASD and TD. This illustrates the Group×Seed interaction in connectivity fingerprints. C) Beta weights of a logistic regression testing which connections were driving the Group×Seed interaction (* next to the label and above the bar indicates significant predictive ability, p < 0.05 uncorrected).
J.H. Balsters et al.
NeuroImage 170 (2018) 412-423 bias in motor circuits in ASD was also a marker of poorer motor performance as measured by neuropsychological tools. Rinehart et al. (2002) posited that deficits in executive functions seen in ASD could be attributed to maladaptive processing of the left fronto-striatal system because individuals with ASD showed a greater deficit in executive functions performed in the right hemispace (i.e. left fronto-striatal circuitry). These same ASD individuals did not show any lateralization effects in a visual control task. Several studies have proposed that brain lateralization (both structural and functional) is advantageous from an evolutionary standpoint as it reduces redundant cognitive processing (Floris et al., 2016b; Hugdahl, 2011) . This link between lateralization and performance has been shown in both the motor domain (Barber et al., 2012; Floris et al., 2016a) , and the cognitive domain (Gotts et al., 2013; Mellet et al., 2014) . Our results, in line with several other studies, highlight a lack of asymmetry in ASD, and provide further evidence for cortico-striatal contributions to language. There is increasing evidence to suggest that cortico-striatal circuits contribute to speech production by aiding word selection and inhibiting irrelevant competing information for language, similar to the way the basal ganglia has been shown to facilitate action selection (Friend and Kravitz, 2014; Price, 2010) . It is therefore possible that variations in cortico-striatal circuits could lead to deficits in restricted and repetitive behaviour such as stereotyped language. Volumetric studies by Langen et al. (2013 Langen et al. ( , 2009 ) and Hollander et al. (2005) have associated increased striatal volume with the severity of restrictive and repetitive behaviours in ASD. In a series of studies Radulescu et al. (2013a Radulescu et al. ( , 2013b previously found that in Aspergers syndrome (AS), but not in controls, the volume of the ventral striatum and anterior putamen corresponded to abnormalities in cortical gray matter homogeneity. In a follow-up study, Radulescu et al. (2013b) had the same AS individuals perform a language generation task (verbal fluency) and used dynamic causal modelling to highlight differences in cortico-striatal connectivity. Whilst individuals with AS revealed a reliance on bottomup (stimulus-driven) connections from the precuneus to the caudate and onto the bilateral inferior frontal gyri, the flow of information went in the opposite direction in TD participants (i.e. bilateral inferior frontal gyri to the caudate to the precuneus) highlighting a greater degree of top-down cognitive control. These results are in line with recent Bayesian accounts of ASD that have suggested individuals with ASD place too great an emphasis on stimulus information, without placing much emphasis on prior knowledge (Lawson et al., 2014; Pellicano and Burr, 2012; Van de Cruys et al., 2014) . Within this Bayesian framework, Friston et al. (2016 Friston et al. ( , 2014 hypothesised a general role of the striatum in terms of optimal policy/action selection. Whilst our findings highlight cortico-striatal deficits in resting-state functional connectivity, future studies will be required to assess whether language deficits commonly seen in ASD could be explained by problems with policy/action selection.
Multivariate approaches to connectivity fingerprint matching
Our multivariate approach to matching connectivity fingerprints, combined with logistic regression analysis, confirmed that group differences between the anterior and posterior putamen were largely driven by connectivity with the precuneus, PCC, left granular insula (IG1), and SMA. It is important to reiterate that these effects were not seen using traditional mass univariate approaches, however, given that hierarchical clustering is a multivariate technique (i.e. all voxels are considered simultaneously) it is logical that another multivariate approach was necessary to establish which connections were driving the group differences in connectivity-based parcellation. It has been suggested that multivariate approaches may be more sensitive to classification and diagnosis of psychiatric conditions than mass univariate approaches (Buckholtz and Meyer-Lindenberg, 2012; Jafri et al., 2008; Kassraian Fard et al., 2016; Uddin et al., 2011) . For example, Uddin et al. (2011) examined group differences in gray matter concentration using voxel based morphometry (VBM) and similarly found that multivariate approaches were more sensitive to detecting group differences than traditional mass-univariate approaches. We do not wish to suggest here that one approach is better than another, since it is clear that multivariate and univariate approaches can be complementary (Mars et al., 2016) .
In this case a multivariate approach, matching connectivity fingerprints, highlighted that connectivity differences between the precuneus, PCC, left posterior (granular) insula (IG1), and SMA had differential anterior and posterior putamen connectivity fingerprints in TD. However, it is important to reiterate that only group differences in the precuneus survived correction for multiple comparisons. The precuneus and PCC are considered to be part of the default mode network (DMN), a system of brain regions associated with social cognition and theory of mind processes (Buckner et al., 2008) . A number of studies have focussed on the DMN in ASD and shown reduced resting state activity in the precuneus/PCC (Assaf et al., 2010; Di Martino et al., 2014b; Lynch et al., 2013) , however, some other studies have not been able to replicate these findings Tyszka et al., 2014) . As in our study, Lynch et al. (2013) found increased connectivity between the precuneus and the caudate nucleus (potentially overlapping with the anterior putamen) in TD individuals. Although the striatum is not considered to be part of the DMN, previously showed that striatal activity, along with the anterior cingulate cortex and insula, was negatively correlated with the posterior portion of the default mode network (precuneus/posterior cingulate cortex). Using the same ABIDE dataset used in this study, Di Martino et al. (2014b) used a number of resting state metrics (ReHo: regional homogeneity, VMHC: voxel-matched homotopic connectivity, DC: degree centrality, and fALFF: fractional amplitude of low-frequency fluctuations) to investigate resting state connectivity in ASD. These analyses identified significant group differences in three out of four of these metrics (ReHo, VMHC, and DC) in the left posterior insula and two out of four group differences (ReHo, VMHC) in the precuneus/PCC as well as two additional seed-to-voxel analyses of the PCC and medial prefrontal cortex. Although Di Martino et al. (2014b) did not report any group differences in the SMA, Cerliani et al. (2015) also used the ABIDE dataset and found increased connectivity in ASD between the basal ganglia and a dorsomedial motor network (dorsal primary sensory cortex, dorsal primary motor cortex, and medial premotor cortex). In addition, Cerliani et al. (2015) found that increased connectivity in this network in ASD indexed social symptom severity as measured by the social responsiveness scale (Constantino et al., 2003) .
The insula is traditionally separated into three regions based on its cytoarchitectonic properties; agranular cortex (anterior insula), a middle dysgranular cortex (middle insula) and a posterior granular cortex (posterior insula) (Mesulam and Mufson, 1982) . In line with the findings of this study, animal tracer studies and human neuroimaging studies have shown that the posterior insula has connections to the SMA and putamen and as such the posterior insula is often associated with action execution and sensory perception (Kelly et al., 2012; Mesulam and Mufson, 1982) . In contrast, the anterior insula cortex has often been linked to empathy and social processing (Di Martino et al., 2009a; Lockwood, 2016; Uddin and Menon, 2009 ). Lockwood (2016) proposed that a network of brain regions including the anterior insula and gyrus of the anterior cingulate cortex (ACCg) are essential for processing information about others. These ideas were recently supported by Balsters et al. (2017) who showed that the ACCg signalled unexpected outcomes exclusively for another person (not for their own unexpected outcomes or unexpected outcomes for a computer) in TD but not in an age-and IQ-matched group of individuals with ASD. Interestingly, Di Martino et al. (2009b) showed that anti-correlations in resting connectivity between the ACCg and the middle/posterior insula were a marker of social deficits in TD individuals. Although the anterior insula is often considered to be important for empathy and understanding others, whilst the posterior insula is important for personal bodily sensation, it is possible that interactions between 'social' cingulo-insula loops (i.e. anterior insula and ACCg) and 'motor' cingulo-insula loops (i.e. SMA and posterior insula) impact on social processing. The connectivity-based parcellation methods employed in this study could help to identify potential heterogeneity in the functions of the insula in ASD.
Developmental trajectories in cortico-striatal connectivity
It is becoming increasingly important to consider ASD research within a developmental framework (Picci and Scherf, 2015; Uddin et al., 2013) . Uddin et al. (2013) proposed that individuals with ASD may show hyper-active RS-fMRI connectivity in childhood, which combined with a more rigid developmental profile could lead to no observable group differences between ASD and TD individuals during adolescence, and hypo-active RS-fMRI connectivity during adulthood. The Group×Age interactions in cortico-striatal connectivity appear to support this model of developmental rigidity. Functional connectivity between the NAcc and the lateral frontal pole (FPl), and the anterior putamen and same FPl region, decreased with age in TD but stayed constant in ASD. Functional connectivity between the NAcc and amygdala increased with age in TD but stayed constant in ASD. Although it is interesting that cortico-striatal connectivity stays constant in ASD, it would be premature to suggest that developmental rigidity is a general feature of ASD. In the present study, we did not include non-linear age regressors that could describe more dramatic developmental changes during adolescence. Both Uddin et al. (2013) and Picci and Scherf (2015) have proposed that adolescence could provide a "second hit" on an already weak system that leads to a marked decline in adaptive functioning during adolescence. In addition, a number of RS-fMRI studies have shown age-related increases in connectivity in ASD Cerliani et al., 2015) . For example, using the same dataset, Balsters et al. (2016) found increased age-related connectivity in ASD between the anterior middle cingulate cortex and the right middle frontal gyrus whilst these areas showed decreased connectivity with age in TD. Similarly, Cerliani et al. (2015) showed age-related increases in functional connectivity between the anterior cerebellum (putatively motor lobules; Balsters et al., 2014) and the superior temporal sulcus and inferior frontal gyrus in ASD. However, consistent with the findings of this study Cerliani et al. (2015) also showed that cortico-striatal connectivity did not change with age in ASD. Therefore, it is possible that developmental rigidity is only a feature of the cortico-striatal system and that other brain circuits may develop differently. In order to generate a more robust developmental framework in ASD we require longitudinal datasets that will demonstrate age-related changes in connectivity within individuals. Developmental trajectories can often be obscured in cross-sectional analyses, as demonstrated by Nyberg et al. (2010) who showed increased prefrontal cortex activity from 45 to 80 yrs of age, however, a longitudinal analysis of the same subjects clearly showed a decline in prefrontal cortex activity with age. The inclusion of longitudinal datasets, as well as data for ASD individuals below 7 years old, would greatly improve our understanding of developmental changes in ASD (Di Martino et al., 2014a; Uddin et al., 2013) .
All three of these regions showing Group×Age interactions (NAcc, FPl, and amygdala) were highlighted as key regions in the Social Motivation Theory of ASD (Chevallier et al., 2012) . The Social Motivation Theory of ASD suggests that ASD pathology may result from maladaptive interactions between social brain regions and regions involved in reward and motivation. A number of studies investigating the social and monetary rewards in ASD have shown differences in amygdala, NAcc, and frontal pole activity. Richey et al. (2014) compared the anticipation and receipt of social outcomes (smiling faces) with monetary outcomes in controls, ASD, and social anxiety disorder (SAD). They found reduced activity in the NAcc during the anticipation of social and monetary rewards in ASD, however, the SAD group only showed reduced NAcc activity during the anticipation of social outcomes. Left amygdala responses to both the anticipation and receipt of social outcomes also differentiated SAD and ASD groups. Kohls et al. (2013) also showed reduced activation in the NAcc when money, but not when social rewards were at stake, and reduced amygdala activity in response to both monetary and social rewards in ASD. Scott-Van Zeeland et al. (2010a) found greater FPl activity for positive compared to negative monetary rewards in ASD, but greater NAcc and FPl activity in TD compared to ASD during social learning. Both the FPl and the amygdala have also been linked to social and emotional decision making (Volman et al., 2011a (Volman et al., , 2011b . In two studies by Volman et al. (2011b Volman et al. ( , 2011a participants had to perform a social approach-avoidance task performing both congruent movements (i.e. towards a happy face and away from an angry face), or incongruent movements (i.e. towards an angry face and away from a happy face). In Volman et al. (2011b) , participants with less endogenous testosterone showed increased activity in the left FPl for incongruent compared to congruent trials whilst individuals with more endogenous testosterone did not show any difference in FPl response between these conditions. Levels of endogenous testosterone also modulated connectivity between the left FPl and bilateral amygdala. In a separate study, Volman et al. (2011a) used continuous theta-burst stimulation (cTBS) of the left FPl before performing the same task. The application of cTBS increased the error rate on incongruent trials, reduced FPl activity, and increased amygdala activity. All these studies highlight how the NAcc, FPl, and amygdala are crucial to social motivation and decision making. To our knowledge, none of the aforementioned studies have investigated developmental trajectories during ASD, however, we propose that these age-related changes in connectivity during typical development likely reflect aspects of social development. A greater understanding of these developmental changes in connectivity will be crucial for developing novel therapeutic interventions.
Conclusions
Here, we used connectivity-based parcellation to investigate the architecture and organisation of the cortico-striatal system in ASD. Our novel approach revealed differences in the parcellation of the striatum in ASD. Specifically, the putamen was found to be one single structure in ASD, whereas this was split into anterior and posterior segments in a matched TD group. An analysis of the connectivity fingerprints revealed that the group differences in clustering were driven by differential connectivity between anterior and posterior segments of the putamen and the SMA, precuneus, PCC, and posterior insula. Our novel approach for analysing resting state fMRI in clinical populations has provided clear evidence that cortico-striatal circuits are organized differently in ASD as compared to healthy participants. Based on previous task-based segmentations of the striatum, we believe that the anterior putamen cluster present in TD, but not in ASD, likely contributes to social and language processes. Whilst it is currently not possible to reliably investigate variability in clinical features using the ABIDE database, we hope that the inclusion of the second wave of ABIDE (ABIDE II: http://fcon_1000.projects.nitrc.org/indi/abide/ abide_II.html) might provide the consistency and sample size necessary to begin linking RS-fMRI connectivity to ASD symptom severity, including whether cortico-striatal organisation predicts social and language deficits in ASD.
